Solar wind interaction with comet 67P: impacts of corotating interaction
  regions by Edberg, Niklas J. T. et al.
Solar wind interaction with comet 67P: impacts of corotating
interaction regions
N. J. T. Edberg,1 A. I. Eriksson,1 E. Odelstad,1,2 E. Vigren,1 D. J. Andrews,1 F.
Johansson,1 J. L. Burch,3 C. M. Carr,4 E. Cupido,4 K.-H. Glassmeier,5 R.
Goldstein,3 J. S. Halekas,6 P. Henri,7 C. Koenders,5 K. Mandt,3 P. Mokashi,3 Z.
Nemeth,8 H. Nilsson,9 R. Ramstad,9 I. Richter,5 G. Stenberg Wieser9
Abstract. We present observations from the Rosetta Plasma Consortium of the effects
of stormy solar wind on comet 67P/Churyumov-Gerasimenko. Four corotating interac-
tion regions (CIRs), where the first event has possibly merged with a CME, are traced
from Earth via Mars (using Mars Express and MAVEN) and to comet 67P from Octo-
ber to December 2014. When the comet is 3.1-2.7 AU from the Sun and the neutral out-
gassing rate ∼ 1025−1026 s−1 the CIRs significantly influence the cometary plasma en-
vironment at altitudes down to 10-30 km. The ionospheric low-energy (∼5 eV) plasma
density increases significantly in all events, by a factor > 2 in events 1-2 but less in events
3-4. The spacecraft potential drops below -20V upon impact when the flux of electrons
increases. The increased density is likely caused by compression of the plasma environ-
ment, increased particle impact ionisation, and possibly charge exchange processes and
acceleration of mass loaded plasma back to the comet ionosphere. During all events, the
fluxes of suprathermal (∼10-100 eV) electrons increase significantly, suggesting that the
heating mechanism of these electrons is coupled to the solar wind energy input. At im-
pact the magnetic field strength in the coma increases by a factor of 2-5 as more in-
terplanetary magnetic field piles up around of the comet. During two CIR impact events,
we observe possible plasma boundaries forming, or moving past Rosetta, as the strong
solar wind compresses the cometary plasma environment. We also discuss the possibil-
ity of seeing some signatures of the ionospheric response to tail disconnection events.
1. Introduction
The interaction of the solar wind with a cometary plasma
environment has previously only been studied in situ dur-
ing satellite flybys. With Rosetta in orbit around comet
67P/Churyumov-Gerasimenko (hereafter 67P), it is now
possible to study the interaction over longer periods of time,
and especially to study how the cometary magnetosphere re-
sponds to variations in the solar wind.
Rosetta arrived at comet 67P on 6 August 2014, to be-
gin conducting continuous measurements of the near-nucleus
(< 100 km) plasma environment as well as of the neutral gas
and dust. During the autumn of 2014 Rosetta gradually and
slowly approached the comet, moving with a velocity on the
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order of 1 m/s, and reaching a minimum altitude of about
10 km during October. The comet lowered its heliocentric
distance from 3.1 to 2.7 AU, in the interval from 1 Oct 2014
- 1 Jan 2015.
At the arrival of Rosetta in August 2014, the comet was
relatively inactive and had just begun to form an induced
magnetosphere in the solar wind [Nilsson et al., 2015]. The
neutral outgassing rate from the comet was measured to
be ∼ 1025 s−1 [Gulkis et al., 2015]. As the emitted neu-
tral gas becomes ionised, predominantly through photoion-
ization, particle impacts and/or charge exchange processes
[Cravens et al., 1987; Burch et al., 2015; Vigren et al., 2015]
an ionosphere, which initially expands radially outward,
forms around the comet nucleus. As the comet approaches
the sun, the ionosphere grows and becomes denser, and the
induced magnetosphere concurrently expands. The density
of the ionospheric plasma close to the nucleus decreases with
distance as 1/R [Edberg et al., 2015], in agreement with the-
ory simplified by the neglect of field influence and chemical
loss [Vigren et al., 2015].
Pickup ions of cometary origin have been observed since
arrival and have evolved with time to become more ener-
getic closer to the Sun [Goldstein et al., 2015; Nilsson et al.,
2015]. The outgassing of neutrals was found to be quite
inhomogeneous and most of the gas was observed over the
neck region of the comet [Ha¨ssig et al., 2015]. Edberg et al.
[2015] mapped the ionospheric plasma and found it to be
distributed similarly as the neutrals, indicating that plasma
from local ionisation of neutrals (in the region between the
nucleus and Rosetta) dominated the cold plasma environ-
ment. This also implies that the ionospheric structure is
modulated by the comet spin period. Furthermore, 67P was
found to have a plasma environment that is full of small
scale density and magnetic field variations and where insta-
bilities and waves are common [Richter et al., 2015], com-
plicating the interaction with the solar wind. Volwerk et al.
1
ar
X
iv
:1
80
9.
05
27
8v
1 
 [p
hy
sic
s.s
pa
ce
-p
h]
  1
4 S
ep
 20
18
X - 2 EDBERG ET AL.: CIR IMPACTS ON COMET 67P
[2016] reported on observations of mirror-mode waves that
were generated following a compression of the plasma envi-
ronment due to increased solar wind dynamic pressure. A
population of suprathermal electrons (∼ 10 − 100 eV) has
been observed continuously after arrival, although with sig-
nificant variations in both energy and flux over time [Clark
et al., 2015].
Comet 67P is a relatively weakly outgassing comet and
no bow shock, diamagnetic cavity or ionopause, for instance,
was observed in the interval covered in this paper, i.e. until
1 Jan 2015. Some piling-up of the interplanetary magnetic
field (IMF) was occurring but no constant pile-up boundary
was observed, which is in agreement with predictions from
simulations [Koenders et al., 2013; Rubin et al., 2014]. The
ion instruments on Rosetta were able to measure the solar
wind more or less continuously since arrival (until the end of
March of 2015 when the coma had grown), although signif-
icant deflection of the solar wind, by more than 45 degrees,
was observed [Nilsson et al., 2015; Broiles et al., 2015].
In this paper we will specifically study the response of
the cometary plasma environment to stormy space weather,
when impacts of corotating interaction regions (CIR) occur.
The purpose is to identify the main effects these solar wind
pressures pulses have on the comet ionosphere.
CIRs form when slow solar wind is caught up by faster
solar wind and an interaction region forms in between the
two flows, typically characterised by an increased magnetic
field strength, plasma density and pressure. Across the
CIR, the magnetic field polarity often reverses. The slow
and fast solar winds emanate from specific regions on the
Sun, which can be emitting plasma similarly during sev-
eral solar rotations (one solar rotation being approximately
27 days) such that an interaction region is continuously
formed. As the Sun rotates, this interaction region will
sweep across the heliosphere while also expanding radially
outward, until it eventually impacts on any planet, moon or
comet in its way, where it most likely will cause a signifi-
cant disturbance to the plasma environment. At Mars and
Venus, CIR impacts have been shown to increase the iono-
spheric escape rates[e.g Dubinin et al., 2008; Edberg et al.,
2009, 2010, 2011]. CIRs are typically less impulsive than
coronal mass ejections (CME), but are instead a more com-
mon and regular phenomena in interplanetary space since
they emanate from coronal holes that are more stable in
time. CMEs propagate mainly radially outward (with some
angular spread), but can often merge with any slower CIR
ahead of it.
CME impacts on comets have been observed to lead to
so called tail disconnection events, when oppositely directed
magnetic fields in the tail of the comet reconnect with each
other [Vourlidas et al., 2007]. A plasmoid then forms which
disconnects from the comet [Niedner and Brandt , 1978].
Similar events could also occur during CIR impact events.
Since Rosetta is always orbiting relatively close to the nu-
cleus any tail disconnection event happening far down the
tail will, most likely, not be directly observed by Rosetta,
but the effects of it closer to the nucleus might still be ob-
served.
We will present measurements from the plasma environ-
ment around comet 67P during 4 separate CIR impacts to
study how the comet magnetosphere is affected during such
events. We have limited our study to 3 months (1 October
2014 - 1 January 2015) when the comet was at heliocentric
distances of 3.1-2.7 AU and relatively inactive (outgassing
∼ 1025 − 1026 s−1). The study is naturally limited in space
and time to where Rosetta was located in this interval, i.e. in
orbit at an altitude of 10-30 km and close to the terminator
plane. The paper is organised as follows: first we introduce
the instruments used in this paper, followed by a section de-
scribing CIR propagation from Earth, via Mars and finally
to 67P. We then present measurements from Rosetta at 67P
during the CIR impacts, and finish with a discussion and
summary.
2. Instruments
The Rosetta spacecraft carries five instruments for mea-
suring plasma properties as well as magnetic and electric
fields around the comet. These form the Rosetta Plasma
Consortium (RPC) [Carr et al., 2007]. In this paper we
will present a combined data set from all instruments. Each
individual instrument is briefly described below.
The Langmuir probe instrument (LAP) [Eriksson et al.,
2007] consists of two spherical Langmuir probes (LAP1 and
LAP2), mounted on booms, 2.2 m and 1.6 m long, respec-
tively, from hinge to probe. Here we will mainly use data
from LAP1 when in ‘sweep’ mode, to obtain the ion and elec-
tron density as well as the spacecraft potential at a cadence
of normally 96 s or 160 s. From the Langmuir probe sweeps
both the electron and ion density can be obtained. However,
when the spacecraft potential is very negative (which it of-
ten is during the interval studied in this paper due to high
fluxes of ∼5 eV electrons) the electrons are to a large extent
accelerated away from the probe and the electron density
obtained by the probe sweeps is underestimated. Regarding
the ions, the instrument sweep range has not always been
set to sufficiently low negative values to fully sample the
undisturbed ion current and the ion density estimate is then
more uncertain. During intervals of very negative spacecraft
potential the ions are fortunately more easily attracted by
the probe. Still, this sweep range limitation leads us to use
the sweep derived electron density estimate during intervals
when the sweep is limited to above -5 V, while otherwise we
use the ion density estimate. Furthermore, we are also able
to use the measured spacecraft potential obtained from the
sweeps as a proxy for the electron density. This density esti-
mate is also dependent on the electron temperature, which
most of the time is about 5 eV [Odelstad et al., 2015]. In ad-
dition to the sweep mode, LAP can also be run with a fixed
bias-potential, where the probe attracts an ion (or electron)
current when the probe potential is set to a positive (nega-
tive) voltage. When possible, the LAP-derived densities are
crosschecked with data from the mutual impedance probe
(MIP), described next.
The MIP instrument [Trotignon et al., 2007] consists of
two receiving and two transmitting electrodes, mounted on
the same boom as LAP1. MIP is able to retrieve the electron
density from the position of the electron plasma frequency
in the mutual impedance spectra. MIP can operate in two
different ways: in short Debye length (SDL) mode by using
one or two of its own transmitters situated at 40 and 60
cm from the receivers, or in long Debye length (LDL) mode
when using the LAP2 probe as transmitter, at a distance
of about 4 m from the MIP receivers. The SDL and LDL
modes cannot be run simultaneously.
On the one hand, when the spacecraft potential becomes
more negative than the LAP sweep range, it is not possible
to obtain the electron density from the LAP sweeps. On the
other hand, MIP can retrieve plasma parameters only when
(i) the ratio of the transmitter-receiver baseline length to
the Debye length is large enough, and (ii) when the electron
plasma frequency is in the operated MIP frequency range,
which is limited to 7-168 kHz in the LDL mode. This ex-
plains why, in the early stage of the low comet activity with
little cooling of electrons, there is a gap (about 350 - 1000
cm−3) between the density ranges covered by the LDL and
SDL modes. Comparing the observations from the MIP and
LAP experiments allows us to be more confident about the
plasma density estimates.
The magnetometer (MAG) [Glassmeier et al., 2007] uses
two triaxial fluxgate sensors mounted on the same boom as
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LAP2, and provides vector measurements of the magnetic
field. Here we use 1 min averages from the outboard sen-
sor,which is located 15 cm further out on the boom (and
therefore less affected by the spacecraft generated fields).
The magnetic field is shown in the comet centered solar
equatorial coordinate system (CSEQ). In this system the
x-axis points from the comet to the Sun, the z-axis is the
component of the Sun’s north pole orthogonal to the x-axis,
and the y-axis completes the right-handed reference frame.
The ion and electron sensor (IES) [Burch et al., 2007]
consists of two electrostatic plasma analyzers, one for ions
and one for electrons. Both analyzers measure in the en-
ergy/charge range 1 eV/q - 18 keV/q in 128 steps with a
resolution of 8% and a field of view of 90◦ × 360◦. The an-
gular resolution is 5◦ × 22.5◦ for electrons and 5◦ × 45◦ for
ions. Of particular interest here, the anodes facing the solar
wind flow are further segmented into 5◦ × 5◦ sectors. A full
3D scan of the instrument typically takes 256 s.
The ion composition analyzer (ICA) [Nilsson et al., 2007]
also measures the ion distribution, in the energy range 10
eV - 40 keV with a field of view of 90◦ × 360◦, and can
in addition resolve masses with a resolution high enough to
separate e.g. protons, helium and water group ions. The
angular resolution is 5◦× 22.5◦ and a full 3D scan takes 192
s. For technical reasons, ICA was only on intermittently
during the first months after arrival and began more con-
tinuous operations in 2015. This unfortunately leaves many
data gaps for the events presented in this paper.
Furthermore, in order to monitor the solar wind density
and velocity for tracking solar wind structures propagating
toward Rosetta and comet 67P, we make use of solar wind
measurements from the ACE spacecraft, at Earth’s first La-
grange point, as well as measurements from the particle in-
struments on Mars Express and the Mars Atmosphere and
Volatile Evolution mission (MAVEN) in orbit around Mars.
Mars Express and MAVEN both spend parts of their or-
bits in the undisturbed solar wind and can then measure its
density and velocity [Halekas et al., 2013; Ramstad et al.,
2015]. Mars Express carries the analyzer of space plas-
mas and energetic ions (ASPERA-3) [Barabash et al., 2006],
while MAVEN carries the solar wind ion analyzer (SWIA)
[Halekas et al., 2013].
3. Observations
3.1. CIR observations at Earth, Mars and 67P
Figure 1 shows the positions of Earth, Mars and comet
67P from 1 October 2014 to 1 January 2015. Earth was
ahead of 67P in heliospheric longitude by more than 45◦
during the entire interval, while Mars was more or less in
the same longitude sector, and in that respect quite suitable
for monitoring the solar wind upstream of the comet. How-
ever, since the radial distance between Mars and comet 67P
was at least 1.2 AU during the interval studied in this paper,
any solar wind structure passing by Mars might evolve sig-
nificantly in both density and velocity profile before reaching
67P.
Between 1 October 2014 and 1 January 2015 four events
of solar wind pressure pulses (high solar wind velocity,
plasma fluxes, pressure, magnetic field) were observed in
satellite data from each body. These four events are shown
in Figure 2 and are indicated by red vertical lines in ACE
data (Figure 2a-b), in Mars Express and MAVEN data (Fig-
ure 2c-d) and in Rosetta data (Figure 2e). The start of each
event is identified by eye from the data, primarily from the
when the solar wind velocity starts to increase. At 67P, the
solar wind proton energy (which can be translated to veloc-
ity) is indicated by the bright yellow line at about 1 keV,
in Figure 2e. Note that the solar wind density is not easily
derived from Rosetta data as the S/C environment is dom-
inated by plasma of cometary origin [Edberg et al., 2015].
In Figure 2e we also show modeled solar wind velocity from
the Michigan Solar Wind Model (mSWIM) model [Zieger
and Hansen, 2008]. This model uses an 1.5-D MHD code to
propagate solar wind parameters from Earth out to Rosetta.
Although the alignment between the Earth and 67P is not
ideal for this comparison, there is a general good agreement
between the model results and the IES data on how the solar
wind velocity varies in this interval.
The CIR structures impact on comet 67P on 22 Oct, 7
Nov, 27 Nov and 22 Dec 2014. Each event can be fairly
easily traced back toward the Sun using the Mars Ex-
press/MAVEN and ACE solar wind monitoring data. The
fact that it is possible to track them to Earth and Mars de-
spite the large longitudinal separation (∼70◦ between Earth
and 67P), indicates that these structures (at least the last
three events) are CIRs. The first event is in fact probably a
CIR that has merged with a coronal mass ejection (CME),
observed to have been ejected from the Sun on 14 Oct 2014.
In any case, in terms of velocity and density enhancement
there is not much difference during the merged CME/CIR
event and the three CIRs. For simplicity, we will therefore
refer to the four cases as CIRs.
The four CIRs pass by Mars and Earth approximately
when expected, as determined from when they are observed
to pass by 67P. If assuming that these structures are CIRs,
they should propagate radially outward with the solar wind
speed and sweep interplanetary space with the Sun’s rota-
tion speed. To estimate the delay time from one location in
interplanetary space to another, one has to take into account
both the radial and the longitudinal time delay.
The radial propagation time from Earth to 67P at 3.1 AU
is about 9 days, and to 67P when at 2.7 AU about 7.3 days,
if assuming a radial solar wind velocity of 400 kms−1. The
longitudinal time difference between Earth and 67P in early
October (the time it takes the Sun to turn 70◦) is about 5.3
days assuming a solar rotation period of 27 days. Any solar
wind structure passing by Earth in October should arrive at
the comet roughly 9− 5.3 = 3.7 days later. Similarly, a so-
lar wind structure passing by Earth in late December (when
Earth and 67P are separated by almost 150◦, i.e. 11.2 days)
should have arrived at the comet about 7.3−11.2 = 3.9 days
earlier. This matches up reasonably well with the velocity
structures indicated by the red lines in the time series of so-
lar wind data in Figure 2a and Figure 2e. The actual time
delay between the events observed at Earth and at 67P are
3.1 days, 1.1 days, 2.0 days and 3.0 days, respectively.
If comparing Mars and 67P, a solar wind structure trav-
elling at 400 kms−1 that passes by Mars in October should
arrive roughly 7 days later at 67P, when almost radially
aligned. In late December, when the longitudinal separa-
tion between Mars and 67P has increased to about 40◦, a
CIR would be seen about 3 days earlier at 67P. This also
seems to be the case from the comparison of arrival times of
velocity peaks in Figure 2c and Figure 2e. Finally, compar-
ing ACE and Mars one notes that during the entire autumn
there is a ∼ 90◦ longitudinal separation between Earth and
Mars, meaning that a CIR would be observed first at Mars
and then about 4 days later at ACE.
The individual CIRs are not exactly separated in time by
one solar rotation, suggesting that the events are really dif-
ferent CIRs, which originate from different locations on the
Sun or that the source region on the Sun has changed. Also,
when reaching the heliocentric distance of 67P the original
events seen at ACE have possibly had time to evolve and
merge with other solar wind structures. If looking again at
the time series of ACE data, Figure 2a, we note e.g. that
the second CIR observed in the ACE data, on 5 November,
is surrounded by three additional velocity peaks with suc-
cessively increasing velocity from 1 - 16 November. These
four peaks only show up as one single structure at Mars
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on 4 November, indicating that these structures have either
merged, the source region on the Sun has changed or, pos-
sibly, that some of the smaller peaks seen by ACE were not
CIRs but rather smaller CMEs.
In summary, tracking CIRs from Earth out to 67P at 3
AU and predicting their arrival times is possible, although
somewhat uncertain and their definition to some extent sub-
jective. Nevertheless, and most importantly for this study,
in Rosetta RPC-IES data four clear events are observed in
the ion spectrogram and manifested as sudden increases in
the solar wind flux and energy, which are interpreted as CIR
impacts.
During this interval Rosetta was in bound orbit around
the comet at a distance mainly between 10 km and 30 km
from the nucleus centre of mass, and mainly in the termi-
nator plane. The trajectory of Rosetta around the times of
impacts is shown in Figure 3 in the cometocentric solar or-
bital (CSO) reference frame. In the CSO frame the x-axis is
directed toward the sun, the z-axis is parallel to the comet’s
orbital angular momentum vector and the y-axis completes
the right-handed system. The intervals covered correspond
to the time series to be shown in the following four figures
(Figures 4-8). The times of impact are indicated by red
circles. Next we will present RPC measurements from the
cometary plasma environment during the impacts of these
CIRs.
3.2. Event 1: 22 Oct 2014
Figure 4 shows a time series of combined RPC data
around the time of impact of the first CIR to be studied
in detail. Rosetta was at this time in orbit at 10 km from
the comet nucleus centre of mass and initially moving to
northern latitudes. On 22 Oct 2014 at 16:30 UT, indicated
by the red vertical line, a significant disturbance appeared in
the plasma environment of comet 67P. In the RPC measure-
ments essentially all parameters shown in Figure 4a-f show
significant changes: the LAP ion current (negative voltage
side of the sweeps in panel a) suddenly increases by about -20
nA, the MAG magnetic field strength increased from about
5 nT to on average 30 nT in combination with a change of
the magnetic field direction, the IES suprathermal (∼10-100
eV) electron counts increased by roughly one order of mag-
nitude together with a general increase in energy of the elec-
trons. The IES-measured solar wind ion energy increased,
and the ICA solar wind fluxes (red dots in Figure 4g) in-
creased gradually by almost two orders of magnitude. The
count rate of accelerated water ions also suddenly increased.
This is identified as the impact of the CIR.
Immediately after impact the spacecraft potential became
more negative than the LAP instrument sweep range. The
LAP sweep probe potential did not go to sufficiently high
positive bias voltage values to be able to attract the electrons
through the altered potential field of the spacecraft. Con-
sequently, the electrons could not be measured by the LAP
instrument when in sweep mode during about 15 h following
impact. The extreme negative spacecraft potential is a clear
sign of increased fluxes of electrons to the spacecraft. These
increased fluxes of both thermal and suprathermal electrons
significantly disturb the LAP measurements for parts of the
interval shown in Fig 4. The strongly negative ion current
(panel a, negative voltage), which occasionally goes down
below -60 nA, and a non-monotonically increasing ion cur-
rent during individual sweeps, indicates strong dynamics in
the plasma and some might be related to secondary electron
emissions caused by the impacting energetic electrons. The
LAP ion density can therefore not be estimated for large
parts of this interval.
In Figure 4b, we show the ion and electron densities that
still can be estimated, from four independent measurements.
LAP provides the ion density from the negative-voltage side
of the sweeps (when the spacecraft potential is known) as
well as the electron density determined from the spacecraft
potential measured by LAP. The ion density might be over-
estimated when the sweep range only goes down to -18V.
As the spacecraft potential is driven significantly negative by
the energetic electrons, the electron density derived from the
spacecraft potential tends to be overestimated. We there-
fore chose to be rather conservative and manually lower this
estimate by using an electron temperature of 7.5 eV instead
of the measured 5 eVin the calculation of the density. MIP
provides the electron density when in LDL mode during the
long interval on 23 Oct, and the electron density when in
SDL mode during the two shorter intervals on 22-23 Oct
2014.
Altogether, these four density estimates paint a rather co-
herent picture (although with some unfortunate data gaps)
of how the local plasma density increases by more than an
order of magnitude, from ∼ 50−300 cm−3 in the interval be-
fore impact to ∼ 2000−5000 cm−3 during the interval when
the comet is impacted by the CIR. The MIP density agrees
rather well with the available LAP ion density estimates in
the high-density interval after impact when the spacecraft
potential signal is briefly recovered, as well as before and af-
ter impact. However, on 23 Oct the MIP density represents
a lower bound since the instrument cut-off at 350 cm−3 in
LDL mode sets in.
The plasma density increases before the identified im-
pact time, already at about 12:00. This is caused by the
fact that Rosetta moves toward northern summer latitudes
and to over the comet neck region where the neutral out-
gassing and the plasma density are higher [Ha¨ssig et al.,
2015; Edberg et al., 2015]. The two short intervals, half and
one comet rotation later (6h and 12h), when the density is
sufficiently high for MIP to provide a density estimate when
in its SDL mode (brown dots), also occur above the neck
region. Now the density reaches a maximum of 5000 cm−3.
The neutral gas density does not increase by more than a
factor of 5 when moving toward the northern latitudes, while
the plasma density increases by at least a factor of 10. So
the CIR seems to cause the plasma density to at least double
during this interval. During the previous and the following
orbits when at high latitudes again the plasma density does
not increase as much as during the CIR impact event.
We also note that both the magnetic field direction
(mainly the Bz component) and the energy and flux of
suprathermal electrons are observed to vary with a time
scale close to half the comet rotation period, indicating that
although the solar wind disturbance is large, the interaction
region between the cometary plasma environment and the
solar wind is still dependent on the structured ionosphere of
the comet and its rotation phase.
After the CIR impact, the cold plasma density and field
strength as well as the energetic ion and electron count rates
remain high for about a day before they all go back to more
normal values, when the CIR has passed.
In Figure 5 we show a zoomed in part from Figure 4 just
at the time of impact of the CIR. Here the density data in
panel b has been exchanged with the current measurements
from LAP1, sampled at a fixed bias potential of +20 V and
with a time resolution of 35 ms. This current actually anti-
correlates with plasma density in this case, as higher density
as well as increased flux of suprathermal electrons both serve
to drive the S/C potential negative, and this effect over-
comes the proportionality of current to density. The drop
in current after the CIR impact at 16:30 thus means that
the LAP probe no longer sees the electrons, only the ions,
as the probe (despite a +20 V bias potential) go negative
with respect to the plasma. Nevertheless, the fast variations
seen after 17:20 indicate corresponding rapid variations in
the plasma, at time scales not possible to resolve in the par-
ticle data. An interesting feature occurs at 17:31-17:33 UT,
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when, simultaneously, the electron current in panel b in-
creases (meaning that the density decreases) for 2 minutes,
the magnetic field strength decreases (while still fluctuating
as seen in high resolution MAG data - not shown), the ener-
getic electron count decreases significantly, to values lower
than before the CIR impact, and the solar wind ion counts
decrease significantly. Also the electron current in the LAP
sweeps is momentarily retrieved as the S/C potential de-
creases. These could possibly be the signatures of a plasma
boundary forming as the CIR impacts, which Rosetta moves
across. We will discuss this possibility further after having
presented the remaining three CIR events.
3.3. Event 2: 7 Nov 2014
Figure 6 shows a time series of the same format as Fig-
ure 4 but covering the interval of the second CIR impact.
The second CIR is observed to impact at 14:15 UT on 7
Nov 2014 and again causes a significant disturbance to the
plasma environment. Rosetta was at this time in orbit at
30 km from the centre of mass, and in the northern illu-
minated (summer) and more active hemisphere. Both the
neutral gas density and the plasma density are naturally
lower at this time than when in orbit at 10 km. The CIR
impact signatures observed by RPC are similar to those dur-
ing the previous event: the magnetic field strength and ener-
getic electron fluxes increase suddenly, the LAP ion current
changes significantly by about -10 nA, and the spacecraft
potential becomes more negative. The cold plasma density
more than doubles, from ∼ 50 cm−3 before impact to about
∼ 300 cm−3 immediately after impact, following the sweep-
derived electron density. The density estimated from the
spacecraft potential probably overestimates the value due
to increased fluxes of suprathermal electrons, even though
we assume an electron temperature of 10 eV during this
event. The electron density from the sweep might at the
same time be underestimated due to the negative spacecraft
potential. MIP did not measure any electron plasma oscil-
lations in this interval when it was run in SDL mode, which
suggests that the Debye length was much larger than a few
tenth of cm. This is consistent with a plasma density that
stays below 1000 cm−3 for 5-10 eV electrons. Some of the
LAP observed density increase is attributed to going toward
higher and more illuminated latitudes, but since the latitude
continues to increase after the CIR has passed, and the den-
sity goes back to nominal values, it is clear that some of the
density increase (at least a factor of 2 if being conservative)
is caused by the CIR impact.
The magnetic field strength during this event increases
from about 10 nT to 30 nT around the time of impact. The
IES suprathermal electron fluxes and ion fluxes increases af-
ter impact, similar to the previous event. There are also
low-energy ions (10-100 eV) appearing after impact, which
might only come into view of the instrument as the magnetic
field direction (and consequently the electric field) changes.
ICA was on during three short intervals of this event. How-
ever, during the passing of the CIR, ICA did measure the
solar wind fluxes to be one order of magnitude higher than
during the two short intervals prior to and after the CIR
impact.
There are also significant variations in the magnetic field
orientation in this interval, which are simultaneous with the
bursts of ∼100 eV electrons measured by IES (bright yel-
low patches centered at 16:30, 18:20 and 21:20 UT on 7
Nov 2014 and at 06:00 on 8 Nov 2014). The ion current
from the LAP probe also increases at these instances. The
increased suprathermal electron fluxes during certain mag-
netic field orientations could indicate that the electrons are
heated through the solar wind interaction and accelerated
in the direction of the magnetic field. It could also be that
the properties of the CIR itself are variable with bursty dy-
namic pressures enhancements and with a changing IMF di-
rection. The intermittent solar wind signal in IES ion data
is partially correlated with the electron and magnetic field
signatures as well, which is probably due to the solar wind
deflection changing as the IMF changes direction [Broiles
et al., 2015].
3.4. Event 3: 3 Dec 2014
The third event is shown in Figure 7 in the same for-
mat as before. Rosetta was at this time again at a distance
of 30 km from the comet nucleus but moving slowly toward
southern latitudes. This time the impact of the CIR is much
more gradual. There is a less sharp shock front impacting
on the comet ionosphere and already on 27 Nov 2014 the
solar wind started to increase, as can be seen in the longer
overview plot in Figure 2e. However, we will focus on the
interval starting on the 3 Dec 2014, when a second pulse
of high velocity solar wind reaches the comet. The plasma
density increases gradually after the initial impact on 27
Nov, from ∼ 50 cm−3 to values around 200 cm−3. The den-
sity estimate from the spacecraft potential may overestimate
the values again in this interval even though we have raised
the electron temperature in the density estimate model to
10 eV. The general density increase occurs when Rosetta is
moving toward northern latitudes, where the density should
be higher, but on the other hand, the density was about a
factor of 2 lower two weeks earlier when previously in the
northern hemisphere, meaning that the CIR impact causes
a factor of 2 increase in the plasma density. The MIP and
LAP density estimates match quite well during this interval.
Similar to the previous event, the IES measured fluxes
of energetic electrons (yellow bright patches in Figure 7d)
appear as very bursty and are correlated with the magnetic
field oscillations, and also with the LAP ion current increases
(interpreted as a combination of increased density and sec-
ondary electron emission).
A unique feature of this event is the magnetic field signa-
ture. At the same time as the density gradually increases,
the magnetic field strength is also gradually increasing, from
20 nT at the start of the interval to 50 nT at 18:00 UT on
3 Dec 2014. After this the field strength sharply decreases
back to 25 nT. At the same time the solar wind ions dis-
appear from the IES and ICA ion measurements (Figure 7e
and g) and are not seen from 18:10 - 19:10 UT, likely due to
deflection of the solar wind [Broiles et al., 2015]. The ICA
solar wind flux measurements (red dots in Figure 7g) pro-
vide one data point close to when the magnetic field strength
drops to 25 nT, which shows a value two orders of magnitude
lower than before, consistent with the solar wind disappear-
ing. The magnetic field strength drop occurs while Rosetta
is moving closer to the comet and the distance decreases
steadily from 30 km to 25 km over the day (see Figure 2f).
After the drop in magnetic field strength there are rapid
magnetic field fluctuations, which have not been observed
during any of the other events, and the plasma density de-
creases somewhat. These signatures could be interpreted as
the crossing of a plasma boundary, which appears as the
solar wind increase compresses the cometary plasma envi-
ronment. During the 6 hours prior to this major decrease
in magnetic field strength, there are four short (∼ 10 min)
drops in the magnetic field strength, which could then be
interpreted as the boundary moving back and forth as the
solar wind pressure varies. It could also be that these are
signatures of strong dynamics in the plasma environment,
a possibility we will expand on further in the Discussion
section.
3.5. Event 4: 22 Dec 2014
The fourth and final CIR impact also occurs in two steps
similar to the previous event, and is shown in Figure 8. The
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initial impact happened on 22 Dec 2014 at 09:00 UT when
Rosetta again was at a distance of 30 km from the comet
centre of mass. At impact, the plasma density shows a mod-
erate increase, which is simultaneous with moving towards
higher latitudes. The density still increases to a higher value
than during the previous pass over the same latitude region,
indicating that the CIR again causes the density to increase.
The magnetic field strength increases gradually, from about
20 nT to 45 nT, similar to the previous event. The increase
lasts until about 20:00 UT on 23 Dec 2014, after which the
field strength slowly decreases and the magnetic field orien-
tation slowly changes. On 24 Dec 2015, when the magnetic
field orientation has changed, the solar wind flux is decreased
and the suprathermal electrons increased significantly. It is
possible that these signatures also indicate the crossing of a
plasma boundary, which builds up as the solar wind dynamic
pressure increases. At 02:00 UT on 25 Dec 2014, the field
strength increases briefly and the field changes orientation
suddenly.
ICA was fortunately on for most of the time during this
event and measured increased fluxes of accelerated water
ions from the time of impact until noon on 25 Dec 2015,
when the CIR had passed (Figure 8f). This also appeared
to be the case during CIR event 1, when ICA was on during
a few hours around impact. The accelerated water ion fluxes
are increased during the entire passing of the CIR and only
decreases toward the end of 25 Dec 2015. The high fluxes are
observed even though the magnetic field changes direction.
These accelerated ions are interpreted as the population of
pick up ions by the solar wind induced V × B field. As
gradient lengths are small compared to the ion gyro-radius,
almost all ions will only have seen part of this E-field, giving
a broad energy distribution [Nilsson et al., 2015].
During the second impact of this event, on 27 Dec 2014,
LAP was unfortunately not switched on and MIP was op-
erated in SDL mode, which is blind to 5-10 eV electrons of
few hundred particles per cm−3. Still, the signatures in the
data from the rest of the RPC instruments (not shown) sug-
gest a similar behaviour as during the other events, except
that the magnetic field strength as well as fluxes of energetic
electrons are higher in the 27 Dec event, and the energetic
electrons reach energies of several hundreds of eV.
4. Discussion
During the CIR impact events presented here the cold
plasma density is seen to increase significantly, but the re-
sponse is different for each event. During the first event,
the cometary ionospheric density is clearly seen to increase,
to above 1000 cm−3 at 10 km when the CIR impacts, and
during the second event the density increases to ∼300 cm−3
at 30 km. During the third and fourth events, the density
increase is more modest but still significant. Hence, each
event seems to influence the cometary plasma environment
slightly different, in terms of increasing the cold plasma den-
sity.
The cause of the significant enhancements of the low-
energy plasma could be compression of the local plasma by
the increased solar wind, particle impact ionisation and/or
charge exchange processes when the increased flux of solar
wind plasma impacts on the coma. It could also be that
more mass-loaded solar wind is accelerated in the direction
of the comet ionosphere. The relative increase in the mag-
netic field strength during event 1 is ∼5, while the relative
increase in the density is ∼ 4-7. For event 2 the relative in-
creases are ∼4 and ∼2.5, respectively. The similar relative
increase between the magnetic field strength and the den-
sity suggests that compression of the plasma is likely occur-
ring. Furthermore, as the compression leads to an increased
density of both the thermal and suprathermal plasma, the
ionization rate through particle impact and charge exchange
also goes up. An increased ionisation rate gives higher ion
pick up rate, which leads to a slowing down of the solar
wind. The plasma then gets further compressed as the trail-
ing solar wind catches up, which in turn leads to even more
increase in both the density and the magnetic field strength,
i.e. the same signatures as seen during direct compression
by an increased solar wind dynamic pressure.
Comparison between ionospheric models including com-
pression of the plasma and measurements of the suprather-
mal electrons on 23 Oct (during CIR event 1) by Mada-
nian et al., (submitted) show good agreement, which then
supports that explanation. ICA does not confirm increased
charge exchange (no major increase in He+ fluxes is observed
at this time). The increase in suprathermal electron fluxes
ought to cause some increased particle impact ionisation,
but to what extent and how much that would increase the
density would require further modelling, which is beyond
the scope of this paper.
The fact that we seem to see a less dramatic increase in
the low-energy plasma density during the later events com-
pared to the first event could be because the outgassing
increases and the cometary coma becomes more dense when
approaching the Sun. A denser coma makes compression
harder, and hinders more incoming flux from upstream, such
that less solar wind plasma reaches the deep coma where
Rosetta was located. As the coma grows, deflection of solar
wind plasma also increases due to stronger electric fields
[Broiles et al., 2015], resulting in less solar wind plasma
reaching the near-nucleus environment [Nilsson et al., 2015].
Also, the solar wind increase is less dramatic during the ini-
tial impact in event 4 compared to events 1-3, and we lack
LAP data during the main impact.
We stress that the density estimates presented here are
not without uncertainties and there are several possible
sources of errors. These include an uncertain photoelectron
current estimate, additional secondary electron emission or
a hotter electron temperature and finally, the LAP sweep
range being limited and missing parts of the plasma popula-
tion. Still, using different density estimates from both LAP
and MIP, which present rather similar values, provides con-
fidence to the density estimates, and the uncertainty of the
relative increase of the density in response to the CIR impact
and between the events is nevertheless still quite satisfying.
For the first CIR event, a related observation was pre-
sented by Feldman et al. [2015]. They showed measure-
ments from the ALICE far-ultraviolet spectrograph of an
increased brightness in the comet limb spectrum on the 22
Oct 2014, i.e. at the time of impact of the first CIR. This
was attributed to an increased level of photoelectron impact
dissociation of CO2.
During all four CIR impact events, the fluxes of ∼10-100
eV electrons are seen to increase significantly. The presence
of these electrons, and especially the cause of their energy, is
so far unclear [Clark et al., 2015]. They must be accelerated
and heated through some mechanism since 100 eV is much
higher than what is expected after, for instance, photoion-
isation (10-15 eV) of neutral species. Here we can report
that the acceleration of this population is clearly related to
the solar wind interaction since the suprathermal electrons
increase in both energy and flux during intervals of increased
solar wind energy input. Furthermore, the measured varia-
tions in the electron fluxes are apparently connected to the
magnetic field orientation. These energetic electrons also
impact on the spacecraft and drive the spacecraft potential
negative, and possibly distort the plasma density measure-
ments by LAP.
Another effect that the CIRs might have is that the sput-
tering of the comet nucleus [Wurz et al., 2015], as well as
of larger dust grains, increases as the solar wind particle
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flux increases. However, this probably does not significantly
increase the total plasma density.
During event 1, 3, and 4 we observe some unusual signa-
tures in the plasma environment, which are challenging to
explain decisively from single spacecraft measurements. In
the following paragraphs we will describe these more care-
fully and discuss if the signatures are either those of plasma
boundaries forming in the comet environment, or perhaps
the ionospheric response to tail disconnection events. Dur-
ing the first event (Figures 4 and 5), about an hour after
impact, the magnetic field strength increases, the space-
craft potential becomes less negative so that the measured
plasma density decreases and the LAP continuous electron
current increases, while the suprathermal electron flux de-
creases to values lower than before the impact. This could
be the signature of skimming a plasma boundary (such as
an ionopause or contact surface, for instance), which could
be formed briefly at 10 km from the nucleus during a period
when the upstream solar wind dynamic pressure is higher
than usual. Alternatively, this could be a temporary de-
crease in the solar wind dynamic pressure, which simply re-
laxes the disturbance of the cometary plasma environment.
However, the fact that both the suprathermal electron fluxes
and the magnetic field decreases to values lower than be-
fore the impact indicates against this explanation. Also,
the LAP sweep during the minute after stands out from all
other sweeps during the day, as the spacecraft potential gets
less negative than previously, which is consistent with lower
density and lower flux of energetic electrons.
During event 3 (Figure 7) the magnetic field gradually
piles up during several hours after the CIR impact. Then the
field strength drops sharply at 18:00 on 3 Dec 2014. Immedi-
ately after this drop the low-energy plasma density decreases
at the same time as a burst of energetic electrons is observed.
This could possibly be the signatures of the ionospheric re-
sponse of a tail-disconnection event, when magnetic flux is
piled-up upstream of the comet before being released during
periods of increased solar wind flow. The energetic electrons
could have been accelerated into the ionosphere as the piled
up magnetic flux is released. A tail-disconnection event
could also occur when the diamagnetic cavity is formed,
to pre-condition the tail with strong anti-parallel magnetic
fields. Although no diamagnetic cavity has been observed
in this interval, it is possible that it forms briefly close to
the comet following a solar wind pressure pulse.
Another possibility is that this is also a plasma boundary
forming and as Rosetta moves closer to the comet nucleus
and the solar wind increases, the boundary is crossed and
Rosetta is entering another plasma region. During event 4,
similar signatures are also observed in both the magnetic
field and plasma data as the field gradually piles up and a
region characterised of high suprathermal fluxes, lower so-
lar wind fluxes and increased fluxes of cometary accelerated
water ions is entered. Alternatively, this could again simply
be a relaxation of the impinging solar wind dynamic pres-
sure, although then the transition is perhaps sharper than
one would expect from a relaxing solar wind. Further work,
including modelling and studies of additional events, are re-
quired before these observations can be firmly explained.
We have shown RPC data from four CIR impacts on
comet 67P, during three months in 2014, when the comet
was relatively inactive. After these, more events have been
observed in RPC data on the dates 14 Jan, 29 Jan, 16 Feb, 24
Feb, 6 Mar, 13 Mar, 17 Mar and 21 Mar 2015. These events
are either CIRs of similar kind as shown in the four exam-
ples here or CMEs. In April 2015 the solar wind signal was
finally lost in the RPC data since at this time it was being
completely shielded/deflected off by the growing cometary
coma. Since the cometary activity is constantly increasing
the signatures of these events will gradually change and we
chose not to study them in any detail here, but rather leave
them for a future separate study.
5. Summary
CIRs cause a significant disturbance to the cometary
plasma environment upon impact. The properties of indi-
vidual CIRs vary and the response of the cometary plasma
environment consequently differs from event to event. We
have studied the impact of four CIRs on comet 67P, af-
ter having traced them from Earth via Mars and finally to
67P using solar wind monitoring measurements. These so-
lar wind pressure pulses are observed in the interval 22 Oct
2014 to 25 Dec 2014, when the comet was at a heliocentric
distance of 3.1 to 2.7 AU. Rosetta was at this time orbit-
ing the comet at a distance of 10-30 km from the nucleus
centre of mass. The enhanced solar wind dynamic pressure
together with changes in IMF strength and orientation, are
the cause of a number of features in the cometary plasma
environment out of which the most prominent are outlined
below:
- the cold (few eV) ionospheric plasma density increases
by a factor of at least 2 during three events, due to compres-
sion of the plasma environment, increased particle impact
ionisation and possibly charge exchange processes, which in
turn leads to an increased ion pick up rate.
- energetic (10-100 eV) electrons, which appears to be a
ubiquitous population around 67, are significantly increased
in both flux and energy, indicating that these electrons are
heated through the solar wind interaction with the cometary
plasma. The fluxes vary with changes in the magnetic field
direction.
- the spacecraft potential drops to values typically below
-20 V, as the flux of electrons increase.
- accelerated cometary water ions increase in both energy
and flux.
- the magnetic field piles up around the comet and in-
creases by a factor of 2-5 to reaches values around 50 nT at
maximum.
- the increased dynamic pressure possibly causes a short-
lived (2-3 min) plasma boundary to appear on 22 Oct 2014,
characterised by a drop in the magnetic field strength, drop-
out of energetic electrons and an unusually steady electron
current to the LAP probes, followed by an increased electron
density the minute after.
- on the event on the 3 Nov 2014 the piled up mag-
netic flux is suddenly released as the magnetic field strength
sharply decreases. This is followed by significant magnetic
field fluctuations and increased fluxes of energetic electrons
over the following 24h. These might be the signatures of
a magnetic pile-up boundary having formed or possibly the
ionospheric response to a tail disconnection event. Similar
features are observed during the fourth CIR event, on 23-25
Dec 2015.
In conclusion, the impacting CIRs produce a very dy-
namic and variable interaction with the rotating comet and
its spatially structured and time-varying neutral gas out-
flow. The magnetic field orientation and strength, ener-
getic electron fluxes, accelerated cometary water ion fluxes
and cold plasma density are all varying extensively in the
cometary plasma environment. Depending on these proper-
ties the CIR interaction with the comet ionosphere will vary
accordingly.
Acknowledgments. Rosetta is a European Space Agency
(ESA) mission with contributions from its member states and
the National Aeronautics and Space Administration (NASA).
The work on RPC-LAP data was funded by the Swedish Na-
tional Space Board under contracts 109/02, 135/13, 166/14 and
114/13 and Vetenskapsr˚adet under contracts 621-2013-4191 and
621-2014-5526. This work has made use of the AMDA and
RPC Quicklook database to provide an initial overview of the
X - 8 EDBERG ET AL.: CIR IMPACTS ON COMET 67P
events studied. This is provided through a collaboration be-
tween the Centre de Donne´es de la Physique des Plasmas (CDPP)
(supported by CNRS, CNES, Observatoire de Paris and Uni-
versite´ Paul Sabatier, Toulouse) and Imperial College London
(supported by the UK Science and Technology Facilities Coun-
cil). We thank K.C. Hansen and B. Zieger for providing so-
lar wind propagations from their Michigan Solar Wind Model
(http://mswim.engin.umich.edu/). The data used in this paper
will soon be made available on the ESA Planetary Science Archive
and is available upon request until that time.
References
Barabash, S., R. Lundin, H. Andersson, K. Brinkfeldt, A. Grig-
oriev, H. Gunell, M. Holmstro¨m, M. Yamauchi, K. Asamura,
P. Bochsler, P. Wurz, R. Cerulli-Irelli, A. Mura, A. Milillo,
M. Maggi, S. Orsini, A. J. Coates, D. R. Linder, D. O. Kataria,
C. C. Curtis, K. C. Hsieh, B. R. Sandel, R. A. Frahm, J. R.
Sharber, J. D. Winningham, M. Grande, E. Kallio, H. Koski-
nen, P. Riihela¨, W. Schmidt, T. Sa¨les, J. U. Kozyra, N. Krupp,
J. Woch, S. Livi, J. G. Luhmann, S. McKenna-Lawlor, E. C.
Roelof, D. J. Williams, J.-A. Sauvaud, A. Fedorov, and J.-J.
Thocaven (2006), The Analyzer of Space Plasmas and Ener-
getic Atoms (ASPERA-3) for the Mars Express mission, Space
Sci. Rev., 126, 113–164, doi:10.1007/s11214-006-9124-8.
Broiles, T., J. Burch, Clark, G.B., Koenders, C., Behar, E.,
Goldstein, R., Fuselier, S.A., Mandt, K.E., Mokashi, P., and
Samara, M. (2015), Rosetta observations of solar wind interac-
tion with the comet 67p/churyumov-gerasimenko, ”Astronomy
and Astrophysics”, doi:10.1051/0004-6361/201526046.
Burch, J. L., R. Goldstein, T. E. Cravens, W. C. Gibson,
R. N. Lundin, C. J. Pollock, J. D. Winningham, and D. T.
Young (2007), RPC-IES: The Ion and Electron Sensor of the
Rosetta Plasma Consortium, Space Sci. Rev., 128, 697–712,
doi:10.1007/s11214-006-9002-4.
Burch, J. L., T. E. Cravens, K. Llera, R. Goldstein, P. Mokashi,
C.-Y. Tzou, and T. Broiles (2015), Charge exchange in
cometary coma: Discovery of h+ ions in the solar wind close
to comet 67p/churyumov-gerasimenko, Geophysical Research
Letters, doi:10.1002/2015GL064504, 2015GL064504.
Carr, C., E. Cupido, C. G. Y. Lee, A. Balogh, T. Beek, J. L.
Burch, C. N. Dunford, A. I. Eriksson, R. Gill, K. H. Glass-
meier, R. Goldstein, D. Lagoutte, R. Lundin, K. Lundin,
B. Lybekk, J. L. Michau, G. Musmann, H. Nilsson, C. Pol-
lock, I. Richter, and J. G. Trotignon (2007), RPC: The
Rosetta Plasma Consortium, Space Sci. Rev., 128, 629–647,
doi:10.1007/s11214-006-9136-4.
Clark, G., Broiles, T. W., Burch, J. L., Collinson, G. A.,
Cravens, T., Frahm, R. A., Goldstein, J., Goldstein, R.,
Mandt, K., Mokashi, P., Samara, M., and Pollock, C. J. (2015),
Suprathermal electron environment of comet 67p/churyumov-
gerasimenko: Observations from the rosetta ion and elec-
tron sensor, Astronomy and Astrophysics, doi:10.1051/0004-
6361/201526351.
Cravens, T. E., J. U. Kozyra, A. F. Nagy, T. I. Gombosi, and
M. Kurtz (1987), Electron impact ionization in the vicinity
of comets, Journal of Geophysical Research: Space Physics,
92 (A7), 7341–7353, doi:10.1029/JA092iA07p07341.
Dubinin, E., R. Modolo, M. Fra¨nz, J. Woch, F. Akalin,
D. Gurnett, R. Lundin, S. Barabash, J. J. Plaut, and
G. Picardi (2008), Structure and dynamics of the solar
wind/ionosphere interface on Mars. MEX-ASPERA-3 and
MEX-MARSIS observations, Geophys. Res. Lett., 35, L11,103,
doi:10.1029/2008GL033730.
Edberg, N. J. T., U. Auster, S. Barabash, A. Bo¨ßwetter, D. A.
Brain, C. M. Carr, S. W. H. Cowley, E. Cupido, F. Duru, A. I.
Eriksson, M. Fra¨nz, K.-H. Glassmeier, R. Goldstein, M. Lester,
R. Lundin, R. Modolo, H. Nilsson, I. Richter, M. Samara, and
J. G. Trotignon (2009), Rosetta and Mars Express observa-
tions of the influence of high solar wind dynamic pressure on
the Martian plasma environment, Ann. Geophys., 27, 4533–
4545, doi:10.5194/angeo-27-4533-2009.
Edberg, N. J. T., H. Nilsson, A. O. Williams, M. Lester, S. E.
Milan, S. W. H. Cowley, M. Fra¨nz, S. Barabash, and Y. Fu-
taana (2010), Pumping out the atmosphere of Mars through
solar wind pressure pulses, Geophys. Res. Lett., 37, L03,107,
doi:10.1029/2009GL041814.
Edberg, N. J. T., H. Nilsson, Y. Futaana, G. Stenberg, M. Lester,
S. W. H. Cowley, J. Luhmann, T. R. McEnulty, A. Fedorov,
S. Barabash, and T. L. Zhang (2011), Atmospheric erosion of
Venus during stormy space weather, Geophys. Res. Lett. (sub-
mitted).
Edberg, N. J. T., A. I. Eriksson, E. Odelstad, P. Henri, J.-P.
Lebreton, S. Gasc, M. Rubin, M. Andr, R. Gill, E. P. G.
Johansson, F. Johansson, E. Vigren, J. E. Wahlund, C. M.
Carr, E. Cupido, K.-H. Glassmeier, R. Goldstein, C. Koen-
ders, K. Mandt, Z. Nemeth, H. Nilsson, I. Richter, G. S.
Wieser, K. Szego, and M. Volwerk (2015), Spatial distri-
bution of low-energy plasma around comet 67p/cg from
rosetta measurements, Geophysical Research Letters, 42, doi:
10.1002/2015GL064233, 2015GL064233.
Eriksson, A. I., R. Bostro¨m, R. Gill, L. A˚hle´n, S.-E. Jansson,
J.-E. Wahlund, M. Andre´, A. Ma¨lkki, J. A. Holtet, B. Ly-
bekk, A. Pedersen, and L. G. Blomberg (2007), RPC-LAP:
The Rosetta Langmuir Probe Instrument, Space Sci. Rev.,
128, 729–744, doi:10.1007/s11214-006-9003-3.
Feldman, P., M. F. A’Hearn, J.-L. Bertaux, L. M. Feaga, J. W.
Parker, E. Schindhelm, A. J. Steffl, S. A. Stern, H. A. Weaver,
H. Sierks, and J.-B. Vincent (2015), Measurements of the near-
nucleus coma of comet 67p churyumov-gerasimenko with the
alice far-ultraviolet spectrograph on rosetta, ”Astronomy and
Astrophysics”, doi:”10.1051/0004-6361/201525925”.
Glassmeier, K.-H., I. Richter, A. Diedrich, G. Musmann,
U. Auster, U. Motschmann, A. Balogh, C. Carr, E. Cupido,
A. Coates, M. Rother, K. Schwingenschuh, K. Szego¨, and
B. Tsurutani (2007), RPC-MAG The Fluxgate Magnetome-
ter in the ROSETTA Plasma Consortium, Space Sci. Rev.,
128, 649–670, doi:10.1007/s11214-006-9114-x.
Goldstein, R., J. L. Burch, P. Mokashi, T. Broiles, K. Mandt,
J. Hanley, T. Cravens, A. Rahmati, M. Samara, G. Clark,
M. Ha¨ssig, and J. M. Webster (2015), The rosetta ion and
electron sensor (ies) measurement of the development of pickup
ions from comet 67p/churyumov-gerasimenko, Geophys. Res.
Lett., pp. n/a–n/a, doi:10.1002/2015GL063939.
Gulkis, S., M. Allen, P. von Allmen, G. Beaudin, N. Biver,
D. Bockele-Morvan, M. Choukroun, J. Crovisier, B. J. R.
Davidsson, P. Encrenaz, T. Encrenaz, M. Frerking, P. Hartogh,
M. Hofstadter, W.-H. Ip, M. Janssen, C. Jarchow, S. Keihm,
S. Lee, E. Lellouch, C. Leyrat, L. Rezac, F. P. Schloerb, and
T. Spilker (2015), Subsurface properties and early activity of
comet 67p/churyumov-gerasimenko, Science, 347 (6220), doi:
10.1126/science.aaa0709.
Halekas, J., E. Taylor, G. Dalton, G. Johnson, D. Curtis, J. Mc-
Fadden, D. Mitchell, R. Lin, and B. Jakosky (2013), The solar
wind ion analyzer for maven, Space Sci. Rev., pp. 1–27, doi:
10.1007/s11214-013-0029-z.
Ha¨ssig, M., K. Altwegg, H. Balsiger, A. Bar-Nun, J. J. Berthe-
lier, A. Bieler, P. Bochsler, C. Briois, U. Calmonte, M. Combi,
J. De Keyser, P. Eberhardt, B. Fiethe, S. A. Fuselier, M. Ga-
land, S. Gasc, T. I. Gombosi, K. C. Hansen, A. Jckel, H. U.
Keller, E. Kopp, A. Korth, E. Khrt, L. Le Roy, U. Mall,
B. Marty, O. Mousis, E. Neefs, T. Owen, H. Rme, M. Ru-
bin, T. Smon, C. Tornow, C.-Y. Tzou, J. H. Waite, and
P. Wurz (2015), Time variability and heterogeneity in the
coma of 67p/churyumov-gerasimenko, Science, 347 (6220), doi:
10.1126/science.aaa0276.
Koenders, C., K.-H. Glassmeier, I. Richter, U. Motschmann,
and M. Rubin (2013), Revisiting cometary bow shock
positions, Planet. Space Sci., 87 (0), 85 – 95, doi:
http://dx.doi.org/10.1016/j.pss.2013.08.009.
Niedner, M. B., Jr., and J. C. Brandt (1978), Interplanetary gas.
XXII - Plasma tail disconnection events in comets - Evidence
for magnetic field line reconnection at interplanetary sector
boundaries, Astrophys. J., 223, 655–670, doi:10.1086/156299.
Nilsson, H., R. Lundin, K. Lundin, S. Barabash, H. Borg, O. Nor-
berg, A. Fedorov, J.-A. Sauvaud, H. Koskinen, E. Kallio, P. Ri-
ihela¨, and J. L. Burch (2007), RPC-ICA: The Ion Composition
Analyzer of the Rosetta Plasma Consortium, Space Sci. Rev.,
128, 671–695, doi:10.1007/s11214-006-9031-z.
Nilsson, H., G. Stenberg Wieser, E. Behar, C. S. Wedlund,
H. Gunell, M. Yamauchi, R. Lundin, S. Barabash, M. Wieser,
C. Carr, E. Cupido, J. L. Burch, A. Fedorov, J.-A. Sauvaud,
H. Koskinen, E. Kallio, J.-P. Lebreton, A. Eriksson, N. Edberg,
R. Goldstein, P. Henri, C. Koenders, P. Mokashi, Z. Nemeth,
I. Richter, K. Szego, M. Volwerk, C. Vallat, and M. Rubin
(2015), Birth of a comet magnetosphere: A spring of water
ions, Science, 347 (6220), doi:10.1126/science.aaa0571.
EDBERG ET AL.: CIR IMPACTS ON COMET 67P X - 9
Nilsson, H., Stenberg Wieser, G., Behar, E., Simon Wedlund, C.,
Kallio, E., Edberg, N., Eriksson, A. I., Yamauchi, M., Koen-
ders, C., Wieser, M., Lundin, R., Barabash, S., Mandt, K.,
Burch, J. L., Goldstein, R., Mokashi, P., Carr, C., Cupido, E.,
Fox, P. T., and ... (2015), Evolution of the ion environment of
comet 67p/churyumov-gerasimenko - observations between 3.6
and 2.0 au, Astronomy and Astrophyiscs, doi:10.1051/0004-
6361/201526142.
Odelstad, E., A. I. Eriksson, N. J. T. Edberg, F. Johansson, E. Vi-
gren, M. Andr, C.-Y. Tzou, C. Carr, and E. Cupido (2015),
Evolution of the plasma environment of comet 67p from space-
craft potential measurements by the rosetta langmuir probe
instrument, Geophys. Res. Lett., 42 (23), 10,126–10,134, doi:
10.1002/2015GL066599, 2015GL066599.
Ramstad, R., S. Barabash, Y. Futaana, H. Nilsson, X.-D. Wang,
and M. Holmstrm (2015), The martian atmospheric ion es-
cape rate dependence on solar wind and solar euv condi-
tions i: Seven years of mars express observations, Jour-
nal of Geophysical Research: Planets, pp. n/a–n/a, doi:
10.1002/2015JE004816, 2015JE004816.
Richter, I., C. Koenders, H.-U. Auster, D. Fru¨hauff, C. Go¨tz,
P. Heinisch, C. Perschke, U. Motschmann, B. Stoll, K. Al-
twegg, J. Burch, C. Carr, E. Cupido, A. Eriksson, P. Henri,
R. Goldstein, J.-P. Lebreton, P. Mokashi, Z. Nemeth, H. Nils-
son, M. Rubin, K. Szego¨, B. T. Tsurutani, C. Vallat, M. Vol-
werk, and K.-H. Glassmeier (2015), Observation of a new type
of low-frequency waves at comet 67p/churyumov-gerasimenko,
Ann. Geophys., 33 (8), 1031–1036, doi:10.5194/angeo-33-1031-
2015.
Rubin, M., C. Koenders, K. Altwegg, M. Combi, K.-H.
Glassmeier, T. Gombosi, K. Hansen, U. Motschmann,
I. Richter, V. Tenishev, and G. Toth (2014), Plasma
environment of a weak comet: Predictions for
comet 67p/churyumovgerasimenko from multifluid-
mhd and hybrid models, Icarus, 242, 38 – 49, doi:
http://dx.doi.org/10.1016/j.icarus.2014.07.021.
Trotignon, J. G., J. L. Michau, D. Lagoutte, M. Chabassie`re,
G. Chalumeau, F. Colin, P. M. E. De´cre´au, J. Geiswiller,
P. Gille, R. Grard, T. Hachemi, M. Hamelin, A. Eriksson,
H. Laakso, J. P. Lebreton, C. Mazelle, O. Randriamboarison,
W. Schmidt, A. Smit, U. Telljohann, and P. Zamora (2007),
RPC-MIP: the Mutual Impedance Probe of the Rosetta
Plasma Consortium, Space Sci. Rev., 128, 713–728, doi:
10.1007/s11214-006-9005-1.
Vigren, E., M. Galand, A. I. Eriksson, N. J. T. Edberg, E. Odel-
stad, and S. Schwartz (2015), On the electron to neutral
number density ratio in the coma of comet 67P/Churyumov-
Gerasimenko: guiding expression and sources for deviations,
Astrophys. J., in press.
Volwerk, M., I. Richter, B. Tsurutani, C. Gtz, K. Altwegg,
T. Broiles, J. Burch, C. Carr, E. Cupido, M. Delva, M. Dsa,
N. J. T. Edberg, A. Eriksson, P. Henri, C. Koenders, J.-
P. Lebreton, K. E. Mandt, H. Nilsson, A. Opitz, M. Rubin,
K. Schwingenschuh, G. Stenberg Wieser, K. Szeg, C. Val-
lat, X. Vallieres, and K.-H. Glassmeier (2016), Mass-loading,
pile-up, and mirror-mode waves at comet 67p/churyumov-
gerasimenko, Ann. Geophys., 34 (1), 1–15, doi:10.5194/angeo-
34-1-2016.
Vourlidas, A., C. J. Davis, C. J. Eyles, S. R. Crothers, R. A. Har-
rison, R. A. Howard, J. D. Moses, and D. G. Socker (2007),
First direct observation of the interaction between a comet and
a coronal mass ejection leading to a complete plasma tail dis-
connection, The Astrophysical Journal Letters, 668 (1), L79.
Wurz, P., Rubin, M., Altwegg, K., Balsiger, H., Gasc, S., Galli,
A., Ja¨ckel, A., Le Roy, L., Calmonte, U., Tzou, C., Mall,
U.A., Fiethe, B., De Keyser, J., Berthelier, J.J., Reme, H.,
Bieler, A., Tenishev, V., Gombosi, T.I., and Fuselier, S.A.
(2015), ”solar wind sputtering of dust on the surface of
67p/churyumov-gerasimenko”, Astronomy and Astrophysics,
doi:10.1051/0004-6361/201525980.
Zieger, B., and K. C. Hansen (2008), Statistical validation of a
solar wind propagation model from 1 to 10 au, Journal of
Geophysical Research: Space Physics, 113 (A8), n/a–n/a, doi:
10.1029/2008JA013046, a08107.
N. J. T. Edberg, A. I. Eriksson, E. Odelstad, E. Vigren, D.
J. Andrews, F. Johansson, Swedish Institute of Space Physics,
Uppsala, Box 537, SE-75121, Sweden
J. L. Burch, R. Goldstein, K. Mandt, P. Mokashi, Southwest
Research Institute, 6220 Culebra Rd., San Antonio, TX 78238,
USA
C. Carr, E. Cupido, Imperial College London, Exhibition
Road, London SW7 2AZ, United Kingdom
K.-H. Glassmeier, C. Koenders, I. Richter, TU - Braun-
schweig, Institute for Geophysics and extraterrestrial Physics,
Mendelssohnstr. 3
J. Halekas, University of Iowa, Iowa City, Iowa, USA
P. Henri, Laboratoire de Physique et Chimie de l’Environnement
et de l’Espace, Orlans Cedex 2, France
Z. Nemeth, Wigner Research Institute, Budapest, HUngary
H. Nilsson, G. Stenberg Wieser, R. Ramstad, Swedish Institute
of Space Physics, Box 812, 981 28 Kiruna, Sweden
X - 10 EDBERG ET AL.: CIR IMPACTS ON COMET 67P
-1 0 1 2 3
X [AU]
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
Y 
[A
U]
01-Oct-2014 - 01-Jan-2015
Earth
Mars
67P
Figure 1. Positions of Earth, Mars and comet 67P
during three months in late 2014 in ecliptic J2000 co-
ordinates. In this interval the passings of 4 CIRs were
observed from solar wind measurements at each celestial
body. The times of impacts are indicated by filled circles.
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Figure 2. Time series of (a and b) solar wind den-
sity and speed from ACE at Earth, (c and d) solar
wind speed and density from Mars Express (black) and
MAVEN (blue) at Mars, (e) Rosetta/IES ion spectro-
gram (summed over all azimuths and sectors), together
with the solar wind velocity from the mSWIM model
(magenta) and (f) distance between Rosetta and the
comet centre of mass. The red vertical bars indicate the
impact time of the CIRs, as determined from the Rosetta
data.
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Figure 3. The position of Rosetta in the comet-centred
CSO reference frame during the four CIR impacts. The
sun is toward positive XCSO. The positions are shown
for the same intervals as the time series in Figures 4-
8.The events are numbered at the beginning of the in-
terval and the position at impact is indicated by the red
circle. Impact of event three occurred before the time
series started. The projections of the position on the x-y,
x-z and y-z planes are shown in grey.
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Figure 4. Times series of combined RPC data from the
time around the first CIR impact. The panels show (a)
LAP bias voltage sweeps (depending on telemetry avail-
able the sweep range varies), (b) plasma density estimates
from LAP and MIP, (c) vector magnetic field and mag-
nitude from MAG, (d) electron spectrogram from IES,
(e) ion spectrogram, (f) spectrogram of cometary water
ions from ICA, (g) spectrogram of solar wind ions from
ICA together with solar wind flux (red dots) and finally,
(h) cometary longitude (blue line) and latitude (black) of
Rosetta. All spectrograms are summed over all elevation
and azimuth sectors. The time of impact is indicated
by the red vertical line. Note the significant increase in
plasma density, magnetic field strength, energetic elec-
tron flux and water ion flux at impact.
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Figure 5. Zoom in from Figure 4 during one hour
around impact of the first CIR. The format is the same
except for that in panel 2 we now show the high-
resolution fixed-bias current sampled by LAP1 rather
than the density. The bias voltage is +20 V.
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Figure 6. Same as Figure 4 but for the second CIR
impact. Note again the significant increase in plasma
density, magnetic field strength and energetic electrons
after impact. The large scale oscillations (time scale of
hours) in magnetic field correlates with LAP sweep varia-
tions and an increase in the energetic (∼100 eV) electrons
from IES.
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Figure 7. Same as Figure 4 but for the third CIR event.
The initial CIR impact occurs already on 27 Nov 2014,
but continues over several days and covers the interval
shown here. In the interval shown here (still during the
passing of the CIR) there is a gradual increase in both
plasma density and magnetic field strength, which is fol-
lowed by a sudden drop in magnetic field strength and an
increase in magnetic field fluctuations over the following
24 h. At the same time the 100 eV electron flux is further
increased compared to quiet solar wind times.
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Figure 8. Same as Figure 4 but for the fourth CIR im-
pact. Note the large scale change in the magnetic field
orientation and the modest increase in plasma density.
There is an increase in density immediately after the CIR
impact, particularly seen as that is when MIP starts ob-
serving features at the plasma frequency in the mutual
impedance spectra to provide density estimates. This is
consistent with a discontinuity toward a smaller Debye
length at the CIR impact. The energetic electrons still
appear in this interval but are most prominent 1.5 days
after impact, at the same time as the solar wind flux de-
creases. Water ion fluxes of energies up to 100 eV are
elevated during the entire interval.
